Nuclear transport of the Saccharomyces cerevisiae membrane proteins Src1/Heh1 and Heh2 across the NPC is facilitated by a long intrinsically disordered linker between the nuclear localization signal (NLS) and the transmembrane domain. The import of reporter proteins derived from Heh2 is dependent on the FG-Nups in the central channel, and the linker can position the transport factor-bound NLS in the vicinity of the FG-Nups in the central channel, while the transmembrane segment resides in the pore membrane. Here, we present a quantitative analysis of karyopherin-mediated import and passive efflux of reporter proteins derived from Heh2, including data on the mobility of the reporter proteins in different membrane compartments. We show that membrane proteins with extralumenal domains up to 174 kDa, terminal to the linker and NLS, passively leak out of the nucleus via the NPC, albeit at a slow rate. We propose that also during passive efflux, the unfolded linker facilitates the passage of extralumenal domains through the central channel of the NPC.
Integral membrane proteins with a nuclear function can be transported via the nuclear pore complex (NPC). The outer nuclear membrane (ONM) is continuous with the inner nuclear membrane (INM) via the sharply curved pore membrane (POM), at sites where the NPCs are anchored in the nuclear envelope (NE) (1) . Different mechanisms have been proposed for the traffic of these integral membrane proteins [reviewed by (2) (3) (4) (5) (6) ]. Early publications supported a diffusion/retention model (7) , in which membrane proteins traverse the NPC by diffusion (1, 8, 9) and accumulate at the INM by binding to nuclear structures (10) (11) (12) (13) . This diffusion across the NPC was thought to occur through the narrow lateral or peripheral channels along the POM (8, 14, 15) . It has been reported that these ∼10 nm wide channels allows passage of molecules of up to ∼60 kDa (8, 13) .
While for most membrane proteins of the INM studied so far, nuclear retention is an important determinant for their localization, specific domains or signals that contribute to targeting to or across the NPCs have been reported in recent years (16) (17) (18) (19) (20) . Indeed, some membrane proteins are imported through a mechanism that is reminiscent of that used by soluble proteins. Many soluble proteins that carry a nuclear localization signal (NLS) are chaperoned across the NPC by nuclear import factors belonging to the family of karyopherins (Kaps) [reviewed in (21) ]. A basic classical NLS (cNLS), as a single partite or a bipartite sequence (22) , for example, is recognized by the adapter proteins Kap-α (importin-α). For nuclear transport it additionally requires Kap-β1 (importin-β1), which interacts with the phenylalanine-glycine (FG)-repeats abundantly present in a subset of NPC proteins, the FG-nucleoporins. Once the Kap-cargo-complex reaches the nuclear side of the NPC, binding to nuclear localized RanGTP leads to dissociation of the cargo, whereby the Kaps are recycled back to the cytoplasm [reviewed in (23, 24) ]. The kinetics of facilitated import and passive leak (efflux) across the NPC, together with possible retention at either the nuclear or cytoplasmic compartment determine the localization of proteins. NLS sequences that attract the transport factors Kapβ via Kapα have been identified in several membrane proteins, including the human SUN2 (17) , Caenorhabditis elegans , and the human Pom121 (19) . The NLSs are not the only sequences that contribute to the targeting of these proteins. For example, Unc-84 has besides two cNLSs an INM sorting motif, consisting of three lysines at the cytoplasmic side of a transmembrane helix, and a conserved region called the SUN-nuclear envelop localization signal. SUN2 targeting relies on a functional cNLS, a Golgi retrieval signal and a luminal SUN domain to contribute to targeting to the INM.
The Saccharomyces cerevisiae proteins Src1/Heh1 and Heh2, homologous of the metazoan MAN1 and LEM2, have a bipartite NLS sequence that is bound by Kap60, the yeast homologue of . The import of these proteins to the INM is dependent on the Kapβ homologue, Kap95, and the gradient of RanGTP across the NE (16) . To further detail the Kap-mediated import mechanism, we designed reporter proteins based on Heh1 and Heh2 that had minimal features required for INM-targeting (20) . Sufficient for efficient import to the INM are the high-affinity NLS of Heh2 (h2NLS) or Heh1 and a long intrinsically www.traffic.dk 487 disordered linker (L) between the NLS and the transmembrane domain. The disordered linker needs to be longer than 120 residues but no specific amino acid sequence is required. Also, synthetic transmembrane domains and polytopic membrane proteins are targeted to the INM if fused to an 'h2NLS-L' sequence. The import is dependent on the FG-Nups in the central channel, and we proposed that the linker is needed to position the Kap-bound NLS in the vicinity of the FG-Nups in the central channel, while the transmembrane segment(s) reside(s) in the pore membrane.
Retention also contributes to the localization of Heh2 at the INM as we see that upon blocking Kap-mediated transport, INM resident Heh2 stays at its location and only very slowly redistributes to the ER (20) . In contrast, the Heh2-derived reporter proteins are mobile within the NE-ER network, and they redistribute over the NE-ER network after blocking Kap-mediated import. The reduced retention of the reporter proteins is likely because they lack the soluble N-terminal LEM (Lap2, Emerin, MAN1)-domain and the Man1-C-terminal homology domain that have binding partners at the inner nuclear membrane. In the current work, we make use of the mobility of the reporter proteins to obtain quantitative information on the kinetics of import and passive efflux across the NPC and the lateral diffusion of the reporter proteins in the different membrane compartments. We provide data to support that Kap60 (and Kap95) bind strongly to the h2NLS throughout the NE-ER network, effectively competing with the transport of soluble cargo. We compare import and efflux rates to those of soluble Kap60-cargo and conclude that import of membrane reporters is significantly slower than that of soluble reporters. We evaluate the transport of reporter proteins with large soluble domains of up to 174 kDa, which leave the INM compartments and travel back to the ONM and ER when Kap60/95 is eliminated. We discuss our findings in the light of the architecture of the NPC and the proposed transport path through the NPC central channel.
Results

Terminology
Our first goal is to determine the kinetics of nuclear import and efflux of membrane embedded reporter proteins in Saccharomyces cerevisiae, using the Heh2-based reporter protein GFP-h2NLS-L-TM [referred to as h2NLS-L-TM in (20) ]. The movement of these membrane proteins to the INM involves both lateral diffusion to the NPC through the network of ER-ONM membranes and translocation across the NPC. We use the terms import (and export) for metabolic energy and Kap-dependent transport across the NPC. For equilibration and diffusion down the concentration gradient, i.e. transport independent of metabolic energy and Kaps, we use the terms passive influx and passive efflux. Mobility of proteins in the membrane is referred to as lateral diffusion and assumed to be 2D Brownian in nature.
We previously showed, using immunoEM, that the reporter protein GFP-h2NLS-L-TM is enriched at the inner nuclear membrane relative to the outer nuclear membrane and the peripheral ER (20) . The enrichment of GFP-h2NLS-L-TM at the INM is observed in confocal images as increased fluorescence signal at the nuclear envelope compared to the peripheral ER, which we report as NE/ER ratio. For GFP-h2NLS-L-TM, the NE/ER-ratio was reproducibly found at 34.1 ± 4.9 (20) (Figure 1A,B) . In the absence of functional Kap95, the accumulation is lost and a NE/ER-ratio of 2.2 ± 0.2 is measured ( Figure 1B, +RAP) . Reporter proteins with a shortened linker, GFP-h2NLS-L(37)-TM, or the reporter proteins without the h2NLS, GFP-L-TM, did not accumulate at the INM, and for these reporters we measured an NE/ER-ratio of 2.3 ± 0.2 and 2.3 ± 0.3 (20) (Figure 1A,B) .
The expression levels of the membrane reporters are approximately equal and the concentration at the INM is thus highest for GFP-h2NLS-L-TM (20) . The NE/ER-ratios are the experimental values that allow direct comparison of the accumulation levels at the INM of different cargos, or of the same cargo under different conditions. In addition, they can be interpreted as the resultant of import, influx and efflux across the NPC and diffusion through the membranes of the NE-ER network as indicated in Figure 1C . For movement towards the INM (k in ) we distinguish: lateral diffusion through the ER to the NPCs (k 1 ), and passive influx to the INM for proteins without an NLS (k 2 ) or active import facilitated by karyopherins (for proteins bearing an NLS) (k 3 ). For the outward pathway from the INM (k out ), we distinguish nuclear efflux to the ONM (k −2 ) and lateral diffusion in the ONM/ER away from the NPCs (k −1 ). We have no evidence for active export and therefore assume reporter proteins to leave the INM via passive efflux. The kinetics of Kap60 and Kap95 association and dissociation in the ER and ONM are not included as they not likely influence the overall import (and efflux), as shown in Figures 2 and 3 . The measured efflux rate constants in Figures 6 and 7 thus reflect k −1 and k −2 , while the calculated overall import rate constant includes k 1 , k 2 and k 3 . The GFP-h2NLS-L-TM reporter protein is efficiently imported to the INM resulting in increased fluorescence at the NE compared to the ER, while the GFP-h2NLS-L(37)-TM and GFP-L-TM reporter proteins are not, and show lower accumulation (20) . In the presence of rapamycin (+Rap), cells are depleted of functional Kap95 and GFP-h2NLS-L-TM has approximately equal intensity at the NE and ER. Average NE/ER ratios, reflecting the average pixel intensity at the NE divided by that at the ER, over n cells are indicated below the images. C) For the overall flux of membrane proteins to the INM (k in ), we distinguish lateral diffusion through ER and ONM to the NPCs (k 1 ), diffusion across the NPC (influx) (k 2 ) or Kap-facilitated import (k 3 ). For the overall efflux (k out ), we distinguish diffusion across the NPC (efflux) (k −2 ) and lateral diffusion from ONM to ER (k −1 ). Scale bar is 5 μm.
Kap95 localized to the ER in cells with high levels of an h2NLS-containing reporter. As shown in Figure 1 , the concentrations of the GFP-h2NLS-L(37)-TM reporter is high at the ER due to inefficient import. Indeed, when we co-expressed Kap95-GFP with the mCherry (mCh)-tagged reporter, mCh-h2NLS-L(37)-TM, we observed that in ∼80% of the cells where the mCh-reporter was visible at the peripheral ER, Kap95-GFP was also present at the ER ( Figure 2C ). In these cells, the Kap95-GFP fluorescence levels are 1.4 ± 0.06 fold higher at the ER compared to the cytosol (n = 25); a small but significant difference. As a control, we show that mCh-L-TM, a reporter that is present at the ER at approximately equal concentrations as the mCh-h2NLS-L(37)-TM reporter, but lacks the h2NLS, did not recruit Kap95-GFP at the ER in any of the analyzed cells (n > 150) ( Figure 2D ). The recruitment of Kap95 to the h2NLS-containing reporter in the ER is only seen with mCh-L(37)-TM, and not with mCh-h2NLS-L-TM ( Figure 2B ), because the concentration of mCh-L(37)-TM at the ER is high while that of mCh-h2NLS-L-TM is low due to efficient import. We conclude that the high-affinity NLS of the reporter proteins attract both Kap60 and Kap95 while diffusing in the ER, that is, prior to gating the NPC. The data is consistent with the strong binding of a Kap60 variant (lacking the importin-β binding domain) to h2NLS-L-GFP measured in vitro [K D in the nM range; (20) ] and the cellular concentrations of Kap60 and Kap95 [μmolar range; (28, 29) ].
Next, we measured the effect of efficient recruitment of Kap60 and Kap95 by the reporter proteins on the transport of soluble Kap60-cargo. We co-expressed the soluble cargo tcNLS-mCh, i.e. mCherry with two copies of the classical SV40 NLS (22) , with GFP-h2NLS-L-TM ( Figure 3A) . These experiments report on the competition between soluble and membrane cargo for the pools of Kap60 and Kap95 in vivo. As a control, we expressed rgNLS-mCh, i.e. mCherry with the NLS of Nab2, (30, 31) ; rgNLS-mCh makes use of Kap104 rather than Kap60 and Kap95 for nuclear import ( Figure 3A) . The INM accumulation of GFP-h2NLS-L-TM did not change upon co-expression with tcNLS-mCh or rgNLS-mCh ( Figure 3B ), but nearly all nuclear accumulation of tcNLS-mCh was lost when GFP-h2NLS-L-TM was co-expressed ( Figure 3C ). As anticipated nuclear accumulation of rgNLS-mCh was not affected by GFP-h2NLS-L-TM ( Figure 3D ). The expression level of GFP-h2NLS-L-TM (∼13 000 copies cell -1 ) was similar to that of tcNLS-mCh (∼14 000 copies cell -1 ) or rgNLS-mCh (∼15 000 copies cell -1 ) ( Figure S1 ). Thus, in the cell h2NLS-membrane cargo competes effectively with tcNLS-soluble cargo for binding to the same pool of Kap60 and Kap95.
The above data suggest that the kinetics of Kap60 and Kap95 association (and dissociation) at the ER and ONM are not likely to be rate-determining for the overall import (and efflux) of the reporter protein h2NLS-L-TM.
Lateral diffusion of membrane proteins in the ER, INM and ONM
To estimate the rate constants k 1 and k -1, we analyzed the lateral mobility of the membrane reporters in the ER, the INM and the ONM, using fluorescent recovery after photobleaching (FRAP) ( Figure 4A ). We determined the diffusion coefficient (D) of GFP-h2NLS-GFP-L-TM, GFP-L-TM and MBP-GFP-h2NLS-L-TM. We compared the mobility of these reporters with that of ER-resident Sec translocon protein Sec61 and the full length INM-resident Heh2, both tagged with GFP. The reporter GFP-MBPh2NLS-L-TM has an N-terminal maltose-binding protein (MBP) to increase the mass of the extralumenal domain of the membrane reporter by 40 kDa. With the additional MBP the size of the reporter is similar to that of Heh2. In order to measure the mobility at the ER, we needed a sufficiently high concentration of reporter protein at the ER, and therefore we made use of the KAP95-AA strain (32) . In this strain and in the presence of rapamycin (RAP), an FRB-tagged version of Kap95 is tethered to the plasma membrane by high affinity binding to Pma1-FKBP. Addition of rapamycin thus rapidly depletes the cells of functional Kap95-FRB, and, as a consequence, the reporter proteins equilibrate over the INM, ONM and ER (20) . FRAP experiments were performed at the NE or the ER and the recovery traces were fitted to an empirical equation describing the lateral diffusion of membrane proteins in one dimension through membranes (10) ( Figure 4B ). also Table S1 ). All reporters are tagged with GFP. Scale bar is 2 μm, SEM is indicated.
The diffusion coefficient of all reporters and Sec61-GFP present in the ER was similar and about 0.16 μm 2 s -1 ; the mobile fraction was in all cases >80% ( Figure 4C , Table S1 ). The mobility of the membrane proteins was thus not sensitive to the mass of the soluble domains, which, in case of GFP-Heh2, GFP-h2NLS-L-TM and MBP-GFP-h2NLS-L-TM, also included bound-Kap60.
We measured the lateral diffusion in the INM by photobleaching the fluorescence of GFP-Heh2, GFP-h2NLS-L-TM and MBP-GFP-h2NLS-L-TM at the NE. These reporters are highly accumulated in the INM (NE/ER-ratio = 34.1 ± 4.9) and the recovery kinetics will thus be dominated by the diffusion of the INM-localized molecules. Fluorescence recovery due to transport across the NPC has little effect on the kinetics of recovery, as it is much slower. We found a fivefold higher diffusion coefficient for GFP-h2NLS-L-TM (D = 0.87 ± 0.08 μm 2 s -1 ) and MBP-GFP-h2NLS-L-TM (D = 0.92 ± 0.08 μm 2 s -1 ) in the INM than in the ER. In stark contrast with these high mobility values is the slow diffusion of INM resident Heh2 (D = 0.09 ± 0.01 μm 2 s -1 ). The mobility of GFP-Heh2 is an order magnitude lower than that of GFP-h2NLS-L-TM and MBP-GFP-h2NLS-L-TM and the mobile fraction was ∼40%, while the mobility and mobile fraction of GFP-Heh2 in the ER was similar to that of the other reporters. These findings are consistent with the observation that the majority of GFP-Heh2 is trapped at the INM (16, 33) , while the membrane reporters are not retained by nuclear structures (20) .
We measured the lateral mobility of proteins in the ONM by photobleaching the NE in cells expressing GFP-L-TM or Sec61-GFP. These proteins are not accumulated in the INM. In addition, we used GFP-h2NLS-L-TM in the rapamycin-treated KAP95-AA strain. In the absence of functional Kap95, GFP-h2NLS-L-TM is distributed throughout the entire network of the INM, ONM and ER (20) , like GFP-L-TM. We found that the diffusion coefficient of GFPSec61 at the ONM is similar to that of the reporters at the ER (D = 0.19 ± 0.03 μm 2 s -1 ). The diffusion coefficient of GFP-L-TM (D = 0.31 ± 0.04 μm 2 s -1 ) and GFP-h2NLS-L-TM (+RAP; D = 0.38 ± 0.04 μm 2 s -1 ) are higher than that of Sec61 (D = 0.19 ± 0.03 μm 2 s -1 ), which might relate to some contribution from the mobility of INM-localized reporters. We conclude that lateral diffusion in the ONM and ER is slower than in the INM.
In comparison, the diffusion coefficient of soluble GFP in the cytoplasm of yeast was 13.6 ± 1.3 μm 2 s -1 (n = 20), which is consistent with values measured in other celltypes (34, 35) . Overall, we conclude that the mobility of the reporter proteins in the membranes of the ER-ONM network is almost two orders of magnitude slower than the mobility of soluble reporter proteins in the cytoplasm.
Overall efflux kinetics
To measure the kinetics of membrane protein transport we tested the three assays that have been described for measurement of transport of soluble cargo in yeast. The first is a steady state assay using selective FRAP (sFRAP). Here, one selectively photobleaches the nucleus and measures the recovery of fluorescence as a consequence of transport (import, influx and efflux) through the NPC (36, 37) . The second is the Kap95-depletion method.
Here, the cell is depleted of functional Kap95 upon addition of rapamycin and one measures the net efflux of cargo after the import is abolished (32) . The third is a metabolic poison assay were cells are treated with sodium azide plus 2-deoxyglucose to deplete the cells of metabolic energy and disrupt the RanGTP-gradient over the NPC (38, 39) . Immediately after poisoning net efflux can be measured and when all accumulation is lost, the metabolic poisons can be washed away, and net import can be measured.
To validate the three methods, we first measured import and passive efflux of soluble GFP-tcNLS-GFP using the Kap-depletion or the metabolic poison assay methods ( Figure 5A ) and compared it with results from a sFRAP assay ( Figure 5B ) (36) . Using the Kap95-depletion assay or the metabolic poison assay we directly measured the overall efflux rate constant (k out ) and calculated the overall import rate constant (k in ) from the k out and the steady state accumulation of GFP-tcNLS-GFP ( Figure 5A ). Indeed, at steady state, the N/C ratio is equal to k in /k out . In the sFRAP assay, the recovery of fluorescence in the nucleus and cytosol are fitted to yield k in and k out (36) . With all three methods, we obtained similar rate constants (k out of 1.2 -2.0 · 10 -2 s -1 and k in of 0.10 -0.16 s -1 , Figure 5C ) and concluded that they are valid approaches to study NPC transport kinetics of soluble proteins. The Kap95-depletion assay offers advantages over sFRAP when nuclear accumulation is high and the pool of the cytosol-localized proteins is small which can prohibit sFRAP measurements. The Kap95-depletion method offers advantages over the metabolic poison assay as it perturbs the cell more specifically (it does not interfere with energy metabolism and ion homeostasis), but unfortunately it is not reversible.
We first aimed to measure the nuclear import of membrane proteins using sFRAP by selectively photobleaching the NE and determining the recovery of fluorescence as a quantitative measure of transport. However, due to the high accumulation of GFP-h2NLS-L-TM in the NE, a major fraction of the pool of reporter proteins was photobleached. This made the analysis very difficult. Instead, we measured the nuclear efflux rate constant of the membrane reporter GFP-h2NLS-L-TM and calculated the import rate constant, based on the efflux rate constant (36) . C) Nuclear import and efflux rate constants of GFP-tcNLS-GFP, measured in different assays as indicated. n is the number of cells measured at each time point during nuclear efflux. In the selective-FRAP (sFRAP) assay, n is the number of individual selective FRAP measurements. and the nuclear accumulation. To measure the nuclear efflux of GFP-h2NLS-L-TM in the Kap95-depletion assay, the membrane reporter was first expressed in the Kap95-AA strain and accumulated at the INM. Upon addition of rapamycin, Kap60 and Kap95-mediated nuclear import stops, resulting in a temporary net flux of GFP-h2NLS-L-TM from the INM to the ONM and ER. We plotted the NE/ER-ratio of the reporter over time and fitted the data to a single exponential. We found an overall efflux rate constant (k out ) of 0.83 × 10 -3 ± 0.16 × 10 -3 s -1 ( Figure 6A ). Our results demonstrate that the efflux of GFP-h2NLS-L-TM is much slower in ATP-depleted cells than in Kap95-depleted cells: k out of 0.15 × 10 -3 ± 0.02 × 10 -3 s -1 ( Figure 6A ). The Kap95-depletion and poison assays did not show these marked differences for transport of the soluble cargo GFP-tcNLS-GFP ( Figure 5A ). We determined whether the ATP-dependence is specific to membrane protein efflux or may be related to just the presence of the long, unfolded linker.
We thus compared the efflux of GFP-tcNLS-GFP with a soluble reporter having the 176 amino acid-long unfolded linker of Heh2, GFP-h2NLS-L, and a reporter having a shorter linker of only 33 amino acids, GFP-h2NLS-L(33). These reporters accumulated in the nucleus more than 200-fold, due to the high affinity h2NLS [ Figure 6 and (20)]. A fast and mono-exponential efflux was observed for all three reporters after the cells were depleted of Kap95 ( Figure 6B,C) . The efflux of the larger GFP-h2NLS-L was somewhat slower than GFP-h2NLS-L(33), as expected. However, a marked difference was observed when the cells were depleted of ATP. Initially, the efflux of GFP-h2NLS-L was fast but it levelled off after a few minutes ( Figure 6B ). The data could not be fitted with a mono-exponential decay fit (R 2 < 0.6) but was fitted by a two-term exponential decay model, which yielded two first-order rate constants for efflux. The efflux of GFP-h2NLS-L(33) in ATP-depleted cells could be fitted by a mono-exponential decay. The efflux rate constant of the initial fast phase for GFP-h2NLS-L did not differ significantly from the value in the Kap95-depletion assay ( Figure 6C ). We conclude that the linkers do not affect the nuclear efflux of soluble reporters when the cells contain normal ATP levels, but do so under energy-depleted conditions.
What could be the molecular basis for these observations? Upon ATP depletion, the Kap-cargo complexes do not dissociate from the nuclear face of the NPC in the absence of a RanGTP-gradient (40, 41) . Kap-cargo stuck in the NPC would obstruct further nuclear efflux (42) . Indeed, when we image the localization of Kap60-GFP and Kap95-GFP, we see that they concentrate at the NPCs upon addition of sodium-azide plus 2-deoxygluces. In wild-type cells, Kap60-GFP and Kap95-GFP show the punctuate fluorescence stain, typical for NPC-localized proteins ( Figure 6D ). After ATP depletion, the ratio of fluorescence at the NPC over the intensity in the cytoplasm (NPC/C) increased seven-and fivefold for Kap60 and Kap95, respectively ( Figure 6E ). We thus confirm previous data (41) and show that the Kap-cargo complexes accumulate at the NPC in ATP-depleted cells. The NPC-accumulated Kap-cargo might particularly hinder the nuclear efflux of molecules with large Stokes radii, such as the linker-containing reporters. The high-affinity h2NLS on the soluble reporters may be bound by NPCresident Kaps, which provides an extra means of retention in the NPC during nuclear efflux. In conclusion, as we see similar effects of ATP depletion for the efflux of soluble and transmembrane reporters, it is most likely that the slow efflux of GFP-h2NLS-L-TM in the absence of ATP is simply due to the presence of the h2NLS-L domain with large Stokes radius and not specific for membrane transport. The ATP-depletion assay is thus not suitable to determine efflux rate constants of h2NLS-L-TM.
Efflux of reporters with large extralumenal domains
Where does the NLS-terminal region of membrane reporters pass through the NPC during efflux? To address this question we increased the number of soluble domains at the N-terminus and thus the mass and Stokes radius of the proteins. If the extralumenal domains of the reporters travel through the narrow lateral channel facing the POM, one would expect a slowing of the efflux with increasing mass. In fact, the upper size limit for transit through the lateral channel in yeast or vertebrate NPCs is thought to be ∼60 kDa (8, 13, 43) . We observed that reporters with extralumenal domains of 174 kDa are capable to travel from the INM to ONM/ER ( Figure 7A ). The rate constants for efflux were constant (k out ∼0.9 × 10 -3 s -1 ) up to an extralumenal domain mass of 92 kDa and decreased to 0.15 × 10 -3 s -1 at 174 kDa (i.e. three additional MBP-domains). The expression of the reporters MBP-GFP-MBP-h2NLS-L-TM and MBP-GFP-2×MBP-h2NLS-L-TM showed spots with high fluorescence intensity at the NE in a fraction (<20%) of the cells, which did not disappear upon addition of rapamycin. These sites may correspond to reporter aggregation at the INM and/or ONM, and as a result, the efflux rate constant will be underestimated. In parallel with a fivefold reduced exit rate, the nuclear accumulation (NE/ER ratio) decreased with increasing number of soluble domains ( Figure 7B ). This implies that the overall import was affected more than the efflux (Figure 7B,C) . Altogether, the efflux kinetics of the reporter with multiple extralumenal domains is not compatible with passage through 10 nm wide lateral channels (14) and argue for a spacious exit route, alike that is used during import.
Discussion
The yeast membrane protein Src1/Heh1 and Heh2 pass the NPC via an import mechanism that depends on the interactions between Kap95 and FG-Nups to cross the central channel of the NPC (16, 20) . A long intrinsically disordered linker spacing the h2NLS and the transmembrane domain facilitates the interactions between NLS-associated Kaps and FG-Nups. We now present a quantitative analysis of Kap60 and Kap95-mediated import and efflux of membrane cargos, including data on the mobility of the reporter proteins in the different membrane compartments.
Lateral diffusion in the INM, ONM and ER
Our estimates of lateral diffusion of membrane proteins in the ER of yeast, full length as well as the reporter proteins ( Figure 4 ) are a little lower than those in the mammalian ER, where values ranging from 0.3 to 0.5 μm 2 s -1 were measured (10, 12, 44) and similar to the half-times of recovery measured for full length proteins in the ER of HeLa cells (45) (corrections for different sized areas of the bleaching spots were taken into account).
The low diffusion coefficient of GFP-Heh2 at the INM is comparable with earlier findings of other full length membrane proteins trapped at the INM (10,12) and concur with those of proteins tested in HeLa cells (45) . The diffusion of INM proteins is much slower than that of our reporter proteins in the INM. These differences are likely caused by (transient) interactions of the full-length proteins with other nuclear structures, while our reporters in yeast were designed to assure free diffusion.
The diffusion of the free moving membrane reporters in the ER and ONM were observed to be five to six times slower than in the INM (Figure 4) . Overall, the diffusion in (20)]; the overall efflux rate constants (k out , , solid line) and overall import rate constants (k in , , dashed line) derived from (A) are also plotted. C) The overall efflux rate constants (k out ) and the calculated overall import rate constants (k in ). SEM, and 5 μm scale bar are indicated.
the ONM and ER of the yeast cell was thus lower than in the INM, possibly reflecting a higher macromolecular crowding in the ONM and ER and/or a different viscosity of the membrane (e.g. lipid composition). We note that overexpression of INM (reporter) proteins can trigger membrane proliferation (16, 20) , and this may also cause the differences in diffusion constants measured in the INM and ONM.
Quantitative analysis of active and passive transport of membrane cargo
The diffusion of membrane proteins in the ER was almost two orders of magnitude slower than the diffusion in the cytosol of yeast. For the lateral diffusion of GFP-h2NLS-L-TM through the membranes of the ER, a diffusion coefficient of D = 0.16 μm 2 s -1 was measured. The diffusion through the membranes (k 1 and k −1 ) may thus have a significant influence on the overall import. If we estimate that the reporter diffuses on average 3.5 μm from a position in the ER to an NPC (see Materials and Methods for this estimation), it would take ∼20 s based on a 2D random walk. This number is indeed in the same range as the half time for import (∼31 s) that can be calculated on the basis of the k in = 2.2 × 10 -2 s -1 (see below).
For estimates of the ratio between the concentrations of the reporters at the INM and the ONM, we considered a simplified view of what we know of the structure of the ER at the periphery of a yeast cell (46) In conclusion, with the assumptions made, our measured efflux rate constants and rates of lateral diffusion point towards efflux over the NPC being at least an order of magnitude slower than Kap-mediated import. Also, for Kap-mediated import, the actual transport through the NPC is likely not rate-limiting as diffusion through the ER-ONM is slow. How do these fluxes compare to those of soluble nuclear transport? For the soluble reporter GFP-tcNLS-GFP, we found an import rate constant of 0.16 ± 0.03 s -1 ( Figure 5 ). We estimated ∼1.5 × 10 5 copies of soluble GFP-tcNLS-GFP in the cytoplasm, yielding a flux of soluble reporters over the NPC of 13 ± 2.2 molecules/NPC × s, which is in good agreement with earlier studies in yeast (31) . If the GFP-tcNLS-GFP reporter would be present at an equal number of copies per cell as GFP-h2NLS-L-TM, the flux would have been 1.5 molecules/NPC × s. This is more than an order of magnitude faster than the flux of ∼0.06 molecules/NPC × s for GFP-h2NLS-L-TM.
Comparing transport of soluble and membrane cargo through the NPC
In conclusion: by comparing the transport kinetics of Kap60 and Kap95-facilitated import of the integral membrane reporter GFP-h2NLS-L-TM and soluble GFP-tcNLS-GFP, we note the following: (i) the affinity of Kap60 for the h2NLS of the membrane reporters is high and as a consequence there is little competition with 'lowaffinity' soluble cargos; (ii) the lateral diffusion in the ER is slow, and the path long, and this may significantly affect the overall nuclear import kinetics; (iii) the tcNLS and other NLS's have a lower affinity for Kap60 than h2NLS, and finding a Kap may have major impact on the overall import rate of soluble cargos (31); and (iv) the diffusion of soluble cargo in the cytoplasm is relatively fast and not rate-limiting for the nuclear import (31, 48) . The relatively slow but robust accumulation of membrane cargo is compatible with reported roles of actively imported INM proteins, such as NPC-assembly and maintenance of nuclear organization and structures (17) (18) (19) 33, (49) (50) (51) (52) (53) .
Lastly, we observed a decreased efflux through the NPC upon ATP depletion for both soluble and transmembrane reporters that have the linker domains with large stokes radii and the h2NLS (Figure 6 ). ATP depletion increases the residence of Kap60 and Kap95 at the NPC [ Figure 6E and (41)] increasing crowding in the NPC. The inhibition of efflux was more pronounced with the membrane reporter protein than with the soluble reporter proteins, so crowding in the NPC may affect the membrane reporters more. Alternatively or additionally, the linker adopts different conformations, more compact in the soluble GFP-h2NLS-L than in the membrane reporter protein GFP-h2NLS-L-TM due to the extended linker while in transit.
Mechanism of transport across the NPC of membrane cargo
On the basis of the here presented and our published work (20), we discuss a possible mechanism and path for transport of membrane proteins through the NPC. Our previous data support the view that the extralumenal domains of the investigated INM-destined membrane proteins are transported through the central channel of the NPC (20) . Most conclusive is that we show that the N-terminal moiety of the linker can be trapped at the Nsp1-anchor site. Our present data suggests that the extralumenal domains terminal to the linker can travel back to the ONM through the same channel. Namely, we found that membrane reporters could leak back from the nucleus to the ER, while having extralumenal domains with overall masses far above the reported upper size limit for proteins diffusing through the lateral channel facing the POM ( Figure 7A ). Vice versa, we expect that the reporter with large extralumenal domains terminal to the linker can also reach the INM by influx, with similar slow kinetics.
We had proposed that the NPCs have a central channel that is continuous with narrow conduits through the scaffold, lateral gates. These gates enable the linker to slice through the scaffold of the NPC. Since these lateral gates have not been detected in electron microscopy studies (14, (54) (55) (56) (57) , they may be narrow, likely dynamic and possibly existing after restructuring of the NPC (58), but wide enough for a linker to slice through. One possibility is that such gates are formed in-between the eightfold rotational symmetry units, the spokes, of the NPC (14,57).
During nuclear import of membrane proteins, the karyopherin-bound NLS interacts with FG-repeat binding sites in the NPC, which may favour a stretched or extended conformation of the flexible linker. We infer that it would not cost much energy to promote this extended conformation, as intrinsically disordered domains can already adopt a wide range of conformations (59) and are typically less stiff than folded domains (60) . With both ends of the molecule 'bound', the TM domain embedded in the membrane and the NLS bound to the FG-repeats via Kap60 and Kap95, the linker can dodge into the lateral gates. The length of the linker may give the karyopherin enough freedom to scavenge the entire width of the central channel and interact with the numerous FG-repeats. The RanGTP-gradient gives direction to the flux of Kap-cargo to the nuclear site of the NPC. Without karyopherins attached to the NLS, entry into the NPC, and residence of the extralumenal domain in the central channel, will be much less likely to occur. Due to the intrinsic dynamics of the linker, it will still occasionally adopt an extended conformation, and the soluble domains terminal of the linker can enter the NPC central channel and allow efflux of the reporter. Future studies will have to show if the interpretation of our data is correct. Key will be to show the existence of the lateral gates connecting the space immediately adjacent to the nuclear envelope and the central channel with more direct methods.
Materials and Methods
Strains and plasmids. All experiments were performed in the S. cerevisiae KAP95-AA strain derived from W303 (20, 32) , except for the selective-FRAP measurements ( Figure 5 ), and the localization experiments (Figure 2 ), which were performed in a BY4742 background [(61), Invitrogen]. The correct integration of GFP in the strains Sec61-GFP, Kap60-GFP and Kap95-GFP [(62), Invitrogen] was confirmed by PCR. The plasmids were obtained according to standard cloning techniques, see supplementary material for details. The strains and plasmids are listed in Table S1 and S2.
Growth conditions. Yeast strains were grown at 30
• C in synthetic dropout medium without histidine, leucine and/or uracil, supplemented with 2% (w/v) filter-sterilized D-raffinose or D-glucose plus 0.01% (w/v) adenine. The genes encoding membrane reporter proteins were expressed from low-copy plasmids, based on pUG34 and pUG35 (63) , under the control of the GAL1 promoter, in cells cultured in medium supplemented with D-raffinose. The membrane reporter genes were induced with 0.1% (w/v) D-galactose in 2 h, the mCh-reporters and MBP-GFP-MBP-h2NLS-L-TM were induced in 3 h and MBP-GFP-2×MBP-h2NLS-L-TM in 4 h. The soluble protein GFP-tcNLS-GFP was expressed under control of a constitutive MET25 promoter from a pUG34 plasmid and the soluble proteins rgNLS-mCh and tcNLS-mCh were expressed from a 2μ-plasmid under the control of the TPI1-promoter, based on pBT016-Nab2NLS-GFP-PrA (31) . The cells expressing the soluble reporters were grown in medium supplemented with 2% (w/v) D-glucose.
Fluorescence microscopy
Image acquisition: All imaging and selective-FRAP experiment were performed on a home-build laser-scanning confocal microscope or a commercial LSM 710 confocal microscope as described previously (20) .
Data was analyzed with home-made software and the ZEN2010B package (Carl Zeiss). To quantify the protein mobility in the membranes, an epi-fluorescence microscope was used, which is based on an inverted microscope Observer D1 (Carl Zeiss). The laser beam (488 nm, argon ion laser, Melles Griot) was focused by a Zeiss C-Apochromat infinity-corrected 1.2 NA 63× water immersion objective and directed to the sample. The fluorescence emission was detected by a Cool-Snap HQ2 CCD camera (Photometrics) and recorded in MetaMorph (Molecular Devices).
Data analysis and NE/ER-ratios. Since the resolution of optical microscopy does not discriminate the INM from ONM, we used the NE/ER ratio as a measure for accumulation at the INM. The NE/ER ratio is an experimental value that allows direct comparison of import efficiencies. The NE/ER ratio was calculated as the average pixel intensity at the nuclear envelope (NE) divided by the average pixel intensity at the peripheral or plasma membrane associated endoplasmic reticulum as described before [(20) , and in supplementary material]. We previously showed that the NE/ERratios are stable over hours after induction of expression and confirmed that the ratios are determined reproducibly despite manual selection of regions of interest and thresh holding.
The nuclear transport of membrane proteins across the NPC is between the ER-ONM network and the INM. We assume that the concentrations at the ER and ONM are the same. 
where k in and k out are the import and the efflux rate constants, respectively, and t is the time. 
The INM/ONM ratio, the ratio of the reporter concentrations at the INM and the ONM, is calculated from the experimental NE/ER ratios, the measured ratio of fluorescence levels at the NE and the ER. First, for the purpose of our calculations we consider that the ER consists on average of two closely positioned bilayers forming cisternea (flattened membrane disks) enclosing a lumen that is continuous with the NE lumen. This is obviously a simplification as the structure of the ER is more complex, consisting of cisternae (flattened membrane disks) and tubules (tube structures) (46) . Second, proteins can diffuse throughout the entire network, and we assume that the concentration of membrane reporters in ONM and ER are equal. Third, to estimate the concentrations of the reporters and the surface area of the ER membranes, we take into account that 40% of the plasma membrane is covered with peripheral ER at the contour of a yeast cell [20-40% in (46,64) ]. At our resolution, we see the ER as a continuous membrane system, so when assuming the ER covers 40% of the contours of the cell, the actual concentration of fluorescent reporters at the ER is underestimated by a factor of 2.5 times when simply measuring the average fluorescence intensity. To correct for this, we calculate as follows:
We measured for GFP-h2NLS-L-TM an NE/ER-ratio of 34, thus for the fluorescence intensities (i) Lateral diffusion of membrane proteins. For quantitative estimates of protein mobility in the membrane, FRAP-measurements were performed. The laser was focused for 30-50 ms to photobleach the fluorescent signal at the membrane to 40-50% of the initial intensity, using ∼10% of the output power of a 10 mW argon ion laser. Immediately after the photobleaching, a time series of 50 images was recorded every 100 ms during 3.7 min for fast diffusing reporters at the INM or 500 ms during 25 min for the more slow lateral diffusion in the ONM and ER. The diameter (d) of the photobleached spot was defined as the full width of half minimum (FWHM) of the intensity level immediately after photobleaching and determined as d = 1.8 ± 0.1 μm (n = 38).
The fluorescence intensity was determined by pixel analysis in the centre of the photobleached spot (d = 0.7 μm), using MetaMorph (Molecular Devices). A significant fraction of total fluorescence at the NE was photobleached, since we photobleached a spot corresponding to 20-40% of the size of NE. To find the mobile fraction, we corrected for this reduction of the total fluorescence by plotting the ratio of the intensity in the bleached spot over the intensity in a reference spot with the same size at the same membrane compartment. The photobleaching as a result of imaging during the recovery was negligible (∼4%). Therefore, uncorrected data could be fitted according to earlier publications (10) to obtain a measure for the lateral diffusion coefficient D (expressed in μm 2 s -1 ).
We estimated how much time a membrane protein would need on average to diffuse from the ER to the nucleus. We used eqn 5 for the mean squared displacement, describing the average distance (r) a particle travels in time (t) based on Brownian motion of a random walk in a two dimensional system of the plane of a membrane.
D is the coefficient for lateral diffusion and t is the time interval. We measured the volume of a yeast cell as 49 ± 2 μm 3 (n = 381) (36), consistent with (66) . We calculated a circumference of a yeast cell of ∼14.3 μm, and we estimated the average travel distance (r) through the peripheral ER aligning the plasma membrane to be approximately a quarter of the cell's circumference, being ∼3.5 μm.
Selective-FRAP. Selective-FRAP was used to quantify the nuclear transport of soluble proteins [as reviewed in (37)]. The import and efflux rate constants of soluble proteins were calculated as described before (36) .
Reporter efflux assays. (i) The Kap95-depletion assay: After 2 h of reporter protein expression in exponentially growing KAP95-AA cells, 2 μg mL -1 of rapamycin was added to trigger Kap95-FRB interaction with Pma1-FKBP. Kap95 depletion disables further Kap95-mediated nuclear import, resulting in a net efflux of INM-accumulated reporter (20, 32) .
(ii) The poison assay: The cells were harvested and resuspended in glucose-free medium supplemented with 10 mM sodium azide plus 10 mM 2-deoxy-Dglucose. This treatment dissipates the ATP pool and thereby the Ran-GTP gradient across the nuclear envelope. For both assays, images at t = 0 were recorded, i.e. before adding rapamycin or sodium azide/2-deoxy-Dglucose, and time series were recorded for a period of 90-180 min. The cells were kept at 30
• C during the course of the experiment. For every time point new microscopy slides were prepared from one culture, the data thus represents averages of multiple cells.
We plotted the nuclear accumulation as the NE/ER ratio and fitted the data with a single exponential decay function. We simplified eqn 1 to obtain eqn 6 as the passive inward flux is negligible during the efflux experiment. Calculation of import rate constants and membrane protein fluxes through the NPC. The import rate constant was calculated from the steady state accumulation of the membrane reporter and the efflux rate constant as estimated in the Kap95-depletion, using eqn 4. The import rate constant was used to calculate the flux of reporter through the NPC (in units of molecules/NPC × s), which requires an estimate of the number of reporters per cell, the total surface area of the ER-ONM and the INM, and the number of NPCs per nucleus. Quantitative Western blotting yielded a copy number of GFP-h2NLS-L-TM in the Kap95-AA strain of ∼13 000 per cell ( Figure S1A,B) . On the basis of the geometry of the cell, we estimated the average radius of the cell and nucleus as r = 2.3 ± 0.1 μm and r = 1.00 ± 0.05 (n = 381), respectively, as described in (36) . Assuming the ER as a double membrane and aligned with the outline of the cell and covering ∼40% of the plasma membrane (46,64), we estimated the surface area of the ER-ONM to be ∼64 μm 2 and that of the INM ∼12 μm 2 , which is consistent with earlier data (67, 68) . The density of NPCs in the NE of yeast is on average 12 NPCs/μm 2 (31, 47) . Given the accumulation of GFP-h2NLS-L-TM at the INM, and assuming equal concentrations of reporter in ONM and ER, we calculated a membrane protein density for GFP-h2NLS-L-TM of 879 NPCs/μm 2 at the INM and 39 NPCs/μm 2 at the ER-ONM in the Kap95-AA strain.
and densitometry to quantify the protein levels. We found 180 fmol GFPh2NLS-L-TM in 8.3 × 10 6 cells, corresponding to a copy number of 13 000 copies of GFP-h2NLS-L-TM per cell. C) Similar as (A) but now for tcNLSmCh and rgNLS-mCh co-expressed either with GFP-h2NLS-L-TM (1) or GFP-L-TM (2). The culture was grown to a density of 1.4 × 10 7 cells mL -1 . An equivalent of 7.2 × 10 6 cells was loaded on a SDS-PAA gel, together with a dilution series from 50 to 1600 fmol of purified mCh. D) Similar as (B) but now for tcNLS-mCh and rgNLS-mCh co-expressed either with GFP-h2NLS-L-TM or GFP-L-TM. We found 145 fmol tcNLS-mCh when co-expressed with GFP-h2NLS-L-TM and 169 fmol tcNLS-mCh when coexpressed with GFP-L-TM, corresponding to copy numbers of 12 000 and 15 000 per cell, respectively. We found 150 fmol rgNLS-mCh when co-expressed with GFP-h2NLS-L-TM and 198 fmol rgNLS-mCh when coexpressed with GFP-L-TM, corresponding to copy numbers of 13 000 and 17 000 per cell, respectively.
Figure S2: Image analysis to yield mean intensities at the NE of ER compartments. The NE/ER ratio describes the ratio of the mean fluorescence intensity at the NE over the mean fluorescence intensity at the ER. The NE/ER ratio thus estimates the relative concentrations of the reporter proteins at the NE and ER. The fluorescence intensity at the membranes is determined as described in (1) using the ZEN 2010B software (Zeiss), as follows: the region of interest, either the ER or the NE, is manually selected. In this example the region of interest (red lines) is selected to include the ER but not the NE. The pixel intensities in the region of interest are plotted in a histogram and visualized in the image. The selected in-focus membrane compartment is visible as a broad peak in the histogram, distinct from the out-of-focus or background fluorescence (upper panel). To determine the mean intensity of the in-focus fluorescence, the lower-threshold is manually set at the peak of the histogram (arrow). In the image is the ER shown as a more or less continuous system (II). The lower threshold is too low if out of focus signal is visible as a shade along the ER (I) or too high if interruptions are seen in the ER (III). By using threshold setting II (in the middle of I and III), we obtained reproducible results. Indicated below is the variation in mean intensity that results from variation in the settings of the lower threshold. In a double bind test we see an approximately 10% difference in eventual NE/ER ratio's. 
